














?Transient luminous events (TLEs) occurring above active thunderstorms are manifestations of large-scale elec-
trical coupling between the troposphere where we spend our daily life and the ionosphere which is the entrance to 
the cosmic space. Discoveries of TLEs such as sprites, elves, blue jets and gigantic jets have suggested a strong 
need to comprehensively understand the terrestrial electromagnetic environment, and scientists all over the world 
have carried out intensive researches using various experimental and theoretical approaches. Recent spaceborne 
measurements, which enable worldwide surveys and precise detections of optical emissions, have especially 
played a crucial role in understanding TLEs in a framework of the Earth system. Now that FORMOSAT-2/ISUAL 
succeeded in a long-term satellite measurement for the first time and various subsequent projects are in progress 
to perform future space-based observations, the present paper discusses the scientific importance and possibility 
of TLE measurements from space.










?????Prinz et al., 1977???????????
???????????????????????
????????????????????????




















1926; Appleton et al., 1926????? 1930????






















???????e.g., Toynbee and Mckenzie, 1886; 
Everett and Everett, 1903; Boys, 1926, Malan 1937??








40km????????????Wescott et al., 
1995??1996?????????????? 90km
???????????????????Fukunishi 
et al., 1996????? 2002???????????
????????? 90km???????????
???????????????Pasko et al., 
2002??? 1?????????????????























































?????????????Vaughan et al., 1992; 








?Boeck et al., 1998??
?1990????????????????????
?????? 1000??????????????






? ?? ?????????????????? ????????????????
?Nature Publishing Group??????? Pasko?2003???????
8?????????????? 5?
????????????????MEIDEX?the 
Mediterranean Israeli Dust EXperiment??????
??Yair et al., 2003, 2004, 2005, 2006; Israelvich et 

















































































??? RSI?Remote Sensing Instrument?????
???????????????????????
2??????????? ISUAL?Imager for 
9???????????????????











































































































???????????Chen et al., 2012??Chen et 
al.?2008??????????????????




????????ITCZ: Inter-Tropical Convergence 





























? ?? ????? ???????????? ??? ??????
????????????????????????????????????
?American Geophysical Union??????? Chen et al.?2008???????
11
???????????????????
?????????Christian et al., 2003??ISUAL



























?????e.g., Sentman et al., 1995???????
????????? m??? 10m???????
???????????????????????












??????????????e.g., Cummer et al., 
2006?????????????????????
???????????????????????
???????????e.g., Sato and Fukunishi, 























??????????????Cummer et al., 2006; 
McHarg et al., 2007; Stenbaek-Nielsen and McHarg, 




al., 2010; Kanmae et al., 2010??????????
































??? 118.5Td????????Kuo et al., 2005??
???????????? 2-4?????????
???????????????????????



































































rington-Leigh et al., 2001; Mende et al., 2005????
??????????? 400?????????
































































?Kuo et al.?2007???????? LBH?Lyman-
Birge-Hopfied????????????????
???????????? 150-290nm?????
?FUV: Far Ultra Violet?????????????








































































?????????Pasko et al., 2002; Su et al., 
2003?????????????????????
???????????????????????
? ?? ????? ??????????????????????????????
????????????????????











































????? 5?????Chou et al.?2010???
ISUAL???????????????????
???????????????????????


















? ?? ????? ???????????????????????
?????????????????????????

























































































































??????Hiraki et al. ?2008??????????



















?Sentman et al., 2003??22MJ?Kuo et al., 2008??

































?e.g., Wescott et al., 2001?????????? 100
???????????????????????









??????????TGF: Terrestrial Gamma-ray 












?GLIMS?Global Lightning and sprIte Measure-
mentS??????????????????
?JEM: Japan Experimental Module????????
?????????????TLE???????
???????????????????????
?e.g., Ushio et al. 2011; Sato et al., 2011??GLIMS










































???? 2004? 2012? 2013????1 2015????1 2015????1
?????? ?? 8??? ?? 2? ?? 1??? ?? 2??1 ?? 2??1
???????
???? ? ? ? ? ?
????? 0LT???? ?? ?? ?? 22-2LT??
??
????? ? ? ? ? ?
???? ? ? ? ??2 ?






?????? ? ? ? ? ?
????????? ? ? ? ? ?



























??? ASIM?Atmosphere-Space Interactions Moni-
























TARANIS?Tool for the Analysis of Radiations from 
lightNIngs and Sprites??????????Blanc et 





















































































???Cummer and Fullekrug, 2001????????
???? Krehbiel et al.?2008?????????
???????????????????????
???????????????????????




















olaenko et al., 1999???????????????








































































shall and Inan, 2006??????????????
???????????????1-2??????
??????????????????????





































Achat, S., Y. Teisseyre, E. Marode (1992), The scaling of the 
streamer-to-arc transition in a positive point-to-plane gap 
with pressure, J. Phys. D, Appl. Phys., 25 (4), 661-668.
Adachi, T., H. Fukunishi, Y. Takahashi, M. Sato, A. Ohkubo, 
and K. Yamamoto (2004), Characteristics of thunderstorm 
systems producing winter sprites in Japan, J. Geophys. 
Res., 110, D11203, doi:10.1029/2004JD005012.
Adachi, T., H. Fukunishi, Y. Takahashi, Y. Hiraki, R.-R. Hsu, 
H.-T. Su, A. B. Chen, S. B. Mende, H. U. Frey, and L. C. 
Lee (2006), Electric field transition between the diffuse 
and streamer regions of sprites estimated from ISUA/array 
photometer measurements, Geophys. Res. Lett., 33, 
L17803, doi:10.1029/2006GL026495.
Adachi, T., Y. Hiraki, K. Yamamoto, Y. Takahashi, H. Fukuni-
shi, R.-R. Hsu, H.-T. Su, A. B. Chen, S. B. Mende, H. U. 
Frey, and L. C. Lee (2008), Electric fields and electron 
energies in sprites and temporal evolutions of lightning 
charge moment, J. Phys. D: Appl. Phys. 41., 234010, doi:
10.1088/0022-3727/41/23/234010.
Adachi, T., S. A. Cummer, J. Li, Y. Takahashi, R.-R. Hsu, H.-T. 
Su, A. B. Chen, S. B. Mende, and H. U. Frey (2009), Esti-
mating lightning current moment waveforms from satellite 
optical measurements, Geophys. Res. Lett., 36, L18808, 
doi:10.1029/2009GL039911.
Appleton, E. V., R. A. Watson Watt, and J. F. Herd (1926), On the 
nature of atmospherics, II. Proc. Roy. Soc. A, 111, 615-677.
Armstrong, W. C. (1983), Recent advances from studies of the 
Trimpi effect, Antarct. J. U. S., 18, 281-183.
Arnone, E., A. Kero, B. M. Dinelli, C. F. Enell, N. F. Arnold, E. 
Papandera, C. J. Rodger, M. Carlotti, M. Ridolfi, and E. 
Turunen (2008), Seeking sprite-induced signatures in 
remotely sensed middle atmosphere NO2, Geophys. Res. 
Lett., 35, L05807.
Austin, L. W. (1926), The present status of atmospheric distur-
bances, Proc. IRE, 14, 133-138.
Barrington-Leigh, C. P. and U. S. Inan (1999), Elves triggered 
by positive and negative lightning discharges, Geophys. 
Res. Lett., 26, 6, 683-686.
Barrington-Leigh, C. P., U. S. Inan, and M. Stanley (2001), 
Identification of sprites and elves with intensified video 
and broadband array photometry, J. Geophys. Res., 106, 
1741-1750.
Bell, T. F., S. C. Reising, and U. S. Inan (1998), Intense con-
tinuing currents following positive cloud-to-ground 
lightning associated with red sprites, Geophys Res. Lett., 
25, 1285-1288.
Blanc, E., T. Farges, R. Roch, D. Brebion, T. Hua, A. Labarthe, 
and V. Melnikov (2004), Nadir observations of sprites 
from the International Space Station, J. Geophys. Res., 
109, A02306, doi:10.1029/2003JA009972.
Blanc, E., F. Lefeuvre, R. Roussel-Dupré, J. A. Sauvaud (2004), 
TARANIS: A microsatellite project dedicated to the study 
of impulsive transfers of energy between the Earth atmo-
sphere, the ionosphere, and the magnetosphere, Adv. Space 
Res., 40, 1268-1275.
Blanc, E. (2010), Space observations of Transient Luminous 
Events and associated emissions in the upper atmosphere 
above thunderstorm areas, C. R. Geoscience, 342, 
312-322.
Boccippio, D. L. (2002), Lightning scaling relations revisited, J. 
Atmos. Sci., 59, 1086-1104.
Boeck, W. L., O H. Jr. Vaughan, R. Blakeslee, B. Vonnegut, and 
M. Brook (1992), Lightning induced brightening in the air-
glow layer, Geophys. Res. Lett., 19, 99-102.
Boeck, W. L., O. H. Vaughan, Jr., R. J. Blakeslee, B. Vonnegut, 
and M. Brook (1998), The role of the space shuttle video-
tapes in the discovery of sprites, jets and elves, J. Atmos. 
Sol. Terr., 60, 669-677.
Boys, C. V. (1926), Progressive lightning, Nature, 118, 
749-750.
Chang, S. C., C. L. Kuo, L. J. Lee, A. B. Chen, H. T. Su, R. R. 
Hsu, H. U. Frey, S. B. Mende, Y. Takahashi, and L. C. Lee 
(2010), ISUAL far-ultraviolet events, elves, and lightning 
current, J. Geophys. Res., 115, A00E46, doi:10.1029/
2009JA014861.
Chen, A. B., C.-L. Kuo, Y.-J. Lee, H.-T. Su, R.-R. Hsu, J.-L. 
Chern, H. U. Frey, S. B. Mende, Y. Takahashi, H. Fukuni-
shi, Y.-S. Chang, T.-Y. Liu, and L.-C. Lee (2008), Global 
distributions and occurrence rates of transient luminous 
events, J. Geophys. Res., 113, A08306, doi:10.1029/
2008JA013101.
Chen, A. B.-C, Y.-J. Wu, C.-Y. Chiang, Y.-C. Huang, C.-L. Kuo, 
H.-T. Su, R.-R. Hsu, S. B. Mende, H. U. Frey, S. E. Harris, 
Y. Takahshi, and L.-C. Lee (2012), Sensitivity Degradation 
of ISUAL Instruments and Its Impact on Observations, 
Terr. Atmos. Ocean. Sci., 23, 1, 71-83.
Chern, J. L., R. R. Hsu, H. T. Su, S. B. Mende, H. Fukunishi, Y. 
Takahashi, and L. C. Lee (2003), Global survey of upper 
atmospheric transient luminous events, J. Atmos. Sol. Terr. 
Phys., 65, 647-659.
Chou, J. K., C. L. Kuo, L. Y. Tsai, A. B. Chen, H. T. Su, R. R. 
Hsu, S. A. Cummer, J. Li, H. U. Frey, S. B. Mende, Y. 
Takahashi, and L. C. Lee (2010), Gigantic jets with nega-
tive and positive polarity streamers, J. Geophys. Res., 115, 
A00E45, doi:10.1029/2009JA014831.
Christian, H. J., R. J. Blakeslee, D. J. Boccippio, W. L. Boeck, 
D. E. Buechler, K. T. Driscoll, S. J. Goodman, J. M. Hall, 
W. J. Koshak, D. M. Mach, and M. F. Stewart (2003), 
Global Frequency and distribution of lightning as observed 
from space by the Optical Transient Detector, J. Geophys. 
Res., 108, 4005, doi:10.1029/2002JD002347.
Cliverd, M. A., C. J. Rodger, and D. Nunn (2004), Radiation 
belt electron precipitation fluxes associated with lightning, 
J . G e o p h y s . R e s . , 109 , A 12208 , d o i : 10 . 1029 /
2004JA010644.
Cummer, S. A. and M. Füllekrug (2001), Unusually intense 
continuing current in lightning produces delayed meso-
spheric breakdown, Geophys. Res. Lett., 28, 495-498.
Cummer, S. A. and W. A. Lyons, Implications of lightning 
charge moment changes for sprite initiation, J. Geophys. 
23
???????????????????
Res., 110, A04304, doi:10.1029/2004JA010812.
Cummer, S. A., N. Jaugey, J. Li, W. A. Lyons, T. E. Nelson, and 
E. A. Gerken (2006), Submillisecond imaging of sprite 
development and strcture, Geophys. Res. Lett., 33, 
L04104, doi:10.1029/2005GL024969.
Cummer, S. A., J. Li, F. Han, G. Lu, N. Jaugey, W. A. Lyons, 
and T. E. Nelson (2009), Quantification of the troposphere-
to-ionosphre charge transfer in a gigantic jet, Nat. Geosci., 
2, 1-4, doi:10.1038/NGEO607.
de Larquier, S., V. P. Pasko (2010), Mechanism of inverted-
chirp infrasonic radiation from sprites, Geophys. Res. 
Lett., 37, L24803.
Del Genio, A. D., M.-S Yao, and J. Jonas (2007), Will moist 
convection be stronger in a warmer climate?, Geophys. 
Res. Lett., 34, L16703, doi:10.1029/2007GL030525.
Enell, C.-F., E. Arnone, T. Adachi, O. Chanrion, P. T. Verronen, 
A. Seppälä, T. Neubert, U. Ulich, E. Turunen, Y. Taka-
hashi, and R.-R. Hsu, Parameterisation of the chemical 
effect of sprites in the middle atmosphere, Ann. Geophys., 
26, 13-27.
Everett, J. D. and W. H. Everett (1903), Rocket lightning, 
Nature, 68, 599.
Farges, T., E. Blanc, A. L. Pichon, T. Neubert, and T. H. Allin 
(2005), Identification of infrasound produced by sprites 
during the Sprite2003 campaign, Geophys. Res. Lett., 32 
(1), L01813, doi:10.1029/2004GL021212.
Farges, T., E. Blanc (2010), Characteristics of infrasound from 
lightning and sprites near thunderstorm areas, J. Geophys. 
Res., 115, A00E31, doi:10.1029/2009JA014700.
Franz, R. C., R. J. Nemzek, and J. R. Winckler (1990), Televi-
sion image of a large upward electrical discharge above a 
thunderstorm system, Science, 249, 48-51.
Frey, H. U., S. B. Mende, S. A. Cummer, A. B. Chen, R.-R. 
Hsu, H.-T. Su, Y.-S. Chang, T. Adachi, H. Fukunishi, and Y. 
Takahashi (2005), Beta-type stepped leader of elve-pro-
ducing lightning, Geophys. Res. Lett., 32, L13824, 
doi:10.1029/2005GL023080.
Frey, H. U., S. B. Mende, S. A. Cummer, J. Li, T. Adachi, H. 
Fukunishi, Y. Takahashi, A. B. Chen, R.-R. Hsu, H.-T. Su, 
and Y.-S. Chang (2007), Geophys. Res. Lett., 34, L18801, 
doi:10.1029/2007GL030908.
Fishman, G. J., P. N. Bhat, R. Mallozzi, J. M. Horack ,T. 
Koshut, C. Kouveliotou, G. N. Pendleton, C. A. Meegan, 
R. B. Wilson, W. S. Paciesas, S. J. Goodman, and H. J. 
Christian (1994), Discovery of intense gamma-ray flashes 
of atmospheric origin, Science, 264, 1313-1316.
Fukunishi, H., Y. Takahashi, M. Kubota, K. Sakanoi, U. S. Inan, 
and W. A. Lyons (1996), Elves, lightning induced transient 
luminous events iin the lower ionosphere, Geophys. Res. 
Lett., 27, 333-336.
Füllekrug, M. and M. J. Rycroft (2006), The contribution of 
sprites to the global atmospheric electric circuit, Earth 
Planets Space, 58 (9), 1193-1196.
Füllekrug, M., C. Hanuise, and M. Parrot (2011), Experimental 
simulation of satellite observations of 100 kHz radio waves 
from relativistic electron beams above thunderclouds, 
Atmos. Chem. Phys., 11, 667-673.
Gerken, E. A. and U. S. Inan (2003), Observations of decame-
ter-scale morphologies in sprites, J. Atmos. Sol. Terr. Phys. 
65, 567-572.
Gordillo-Vazquez, F. J. (2008), Air plasma kinetics under the 
influence of sprites, J. Phys. D, Appl. Phys., 41 (23), 
234016.
Haldoupis, C., R. J. Steiner, A. Mika, S. Shalimov, R. A. Mar-
shall, U. S. Inan, T. Bosinger, and T. Neubert (2006), 
“Early/slow” events: A new category of VLF perturbations 
observed in relation with sprites, J. Geophys. Res., 111, 
A11321, doi:10.1029/2006JA011960.
Hamid, E. F., Z. I. Kawasaki, and R. Mardiana (2001), Impact 
of the 1997-98 El Nino event on lightning activity over 
Indonesia, Geophys. Res. Lett., 28, 147-150.
Hartmann, D. L. (2002), Tropical surprises, Science, 295, 
811-812.
Heavner, M. J., D. D. Sentman, D. R. Moudry, E. M. Wescott, 
Sprites, blue jets, and elves: optical evidence of energy 
transport across the stratopause, in Atmospheric Science 
Across the Stratopause, ed. By D. E. Siskind, S. D. Ecker-
mann, M. E. Summers, Geophysical Monograph Series, 
vol. 123 (American Geophysical Union, Washington, 
2000), pp. 69-82.
Heavner, M. J., J. S. Morrill, C. Siefring, D. D. Sentman, D. R. 
Moudry, E. M. Wescott, and E. J. Bucsela (2010), Near-
ultraviolet and blue spectral observations of sprites in the 
320-460 nm region: N-2 (2PG) emissions, J. Geophys. 
Res., 115, A00E44, doi:10.1029/2009JA014858.
Helliwell, R. A. (1965), Whistlers and Related Ionospheric Phe-
nomena, Stanford Univ. Press, Stanford, Calif.
Hiraki, Y., Y. Kasai, and H. Fukunishi (2008), Chemistry of 
sprite discharges through ion-neutral reeactions, Atmos. 
Chem. Phys., 8 (14), 3919-3928.
Hoffert, H. H. (1889), Intermittent lightning flashes, Phil. Mag. 
28, 106-109.
Huang, T.-Y., C. L. Kuo, C. Y. Chiang, A. B. Chen, H. T. Su, 
and R. R. Hsu (2010), Further investigations of lightning-
induced transient emissions in the OH airglow layer, J. 
Geophys. Res., 115, A10326, doi:10.1029/2010JA015558.
Inan, U. S., C. Barrington-Leigh, S. Hansen, V. S. Glukhov, T. F. 
Bell, and R. Rairden (1997), Rapid lateral expansion of 
optical luminosity in lightning-induced ionospheric flashes 
referred to as “elves.” Geophys. Res. Lett., 24, 583-586.
Inan, U. S., M. Golkowski, M. K. Casey, R. C. Moore, W. 
Peter, P. Kulkarni, P. Kossey, and E. Kennedy (2007), 
Subionospheric VLF observations of transmitter-induced 
precipitation of inner radiation belt electrons, Geophys. 
Res. Lett., 34, L02106, doi:10.1029/2006GL028494.
Inan, U. S., S. A. Cummer, and R. A. Marshall (2010), A survey 
of ELF and VLF research on lightning-ionosphere interac-
tions and causative discharges, J. Geophys. Res., 115, 
A00E36, doi:10.1029/2009JA014775.
Israelevich, P. L., Y. Yair, A. D. Devir, J. H. Joseph, Z. Levin, I. 
Mayo, M. Moalem, C. Price, B. Ziv, and A. Sternlieb 
(2004), Transient airglow enhancements observed from the 
space shuttle Columbia during the MEIDEX sprite cam-




Kanmae, T., H. C. Stenbaek-Nielsen, M. G. McHarg, and R. K. 
Haaland (2010), Observation of blue sprite spectra at 
10,000 fps, Geophys. Res. Lett., 37, L13808, doi:10.1029/
2010GL043739.
Kobayashi, N., M. Sato, Y. Takahashi, T. Kudo, Y. Sanmiya, T. 
Inoue, H. C. Stenbaek-Nielsen, M. G. McHarg, R. K. Haa-
land, T. Kanmae, Y. Yair, W. A. Lyons, S. A. Cummer, 
NHK Cosmic Shore Project (2012), Spatial and temporal 
evolution of sprite streamers derived from high-speed 
camera data in aircraft observation campaign, Abstract 
AE43A-0242 presented at 2012 Fall Meeting, AGU, San 
Francisco, Clif., 3-7 Dec.
Krehbiel, P. R., J. A. Riousset, V. P. Pasko, R. J. Thomas, W. 
Rison, M. A. Stanley, and H. E. Edens (2008), Upward 
electrical discharges from thunderstorms, Nat. Geosci, 1 
(4), 233-237, doi:10.1038/ngeo162.
Kuo, C.-L., R. R. Hsu, A. B. Chen, H. T. Su, L. C. Lee, S. B. 
Mende, H. U. Frey, H. Fukunishi, and Y. Takahashi (2005), 
Electric fields and electron energies inferred from the 
ISUAL recorded sprites, Geophys. Res. Lett., 32, L19103, 
doi:10.1029/2005GL023389.
Kuo, C.-L., A. B. Chen, Y. J. Lee, L. Y. Tsai, R. K. Chou, R. R. 
Hsu, H. T. Su, L. C. Lee, S. A. Cummer, H. U. Frey, S. B. 
Mende, Y. Takahashi, and H. Fukunishi (2007), Modeling 
elves observed by FORMOSAT-2 satellite, J. Geophys. 
Res., 112, A11312, doi:10.1029/2007JA012407.
Kuo, C L, A B Chen, J K Chou, L Y Tsai, R R Hsu, H T Su, H 
U Frey, S B Mende, Y Takahashi, and L C Lee (2008), 
Radiative emission and energy deposition in transient 
luminous events, J. Phys. D: Appl. Phys. 41, 234014, doi:1
0.1088/0022-3727/41/23/234014.
Kuo, C.-L., J. K. Chou, L. Y. Tsai, A. B. Chen, H. T. Su, R. R. 
Hsu, S. A. Cummer, H. U. Frey, S. B. Mende, Y. Taka-
hashi, and L. C. Lee (2009), Discharge processes, electric 
field, and electron energy in ISUAL-recorded gigantic jets, 
J. Geophys. Res., 114, A04314, doi:10.1029/2008
JA013791.
Kuo, C. L., S. C. Chang, L. J. Lee, T. Y. Huang, A. B. Chen, H. 
T. Su, R. R. Hsu, D. D. Sentman, H. U. Frey, S. B. Mende, 
Y. Takahashi, and L. C. Lee (2011), The 762 nm emissions 
of sprtes, J. Geophys. Res., 116, A03110, doi:10.1029/
2010JA015949.
Lee, L. J., S.-M. Huang, J.-K. Chou, C.-L. Kuo, A. B. Chen, 
H.-T. Su, R.-R. Hsu, H. U. Frey, Y. Takahashi, and L.-C. 
Lee (2012), Characteristics and generation of secondary 
jets and secondary gigantic jets, J. Geophys. Res., 117, 
A06317, doi:10.1029/2011JA017443.
Lefeuvre, F., E. Blanc, J.-L. Pinçon, R. Roussel-Dupré, D. 
Lawrence, J.-A. Sauvaud, J.-L. Rauch, H. de Feraudy, D. 
Lagoutte (2008), TARANIS-A Satellite Project Dedicated 
to the Physics of TLEs and TGFs, Space Sci. Rev., 137, 
301-315, doi:10.1007/s11214-008-9414-4.
Lefeuvre, F., R. Marshall, J. L. Pinçon, U. S. Inan, D. Lagoutte, 
M. Parrot, and J. J. Berthelier (2009), On remote sensing 
of transient luminous events’ parent lightning discharges 
by ELF/VLF wave measurements on board a satellite, J. 
Geophys. Res., 114, A09303, doi:10.1029/2009JA014154.
Liu, N. and V. P. Pasko (2004), Effects of photoionization on 
propagation and branching of positive and negative 
streamers in sprites, J. Geophys. Res., 109, A04301, 
doi:10.1029/2003JA010064.
Liu, N., V. P. Pasko, D. H. Burkhardt, H. U. Frey, S. B. Mende, 
H.-T. Su, A. B. Chen, R.-R. Hsu, L.-C. Lee, H. Fukunishi, 
and Y. Takahashi (2006), Comparison of results from sprite 
streamer modeling with spectrophotometric measurements 
by ISUAL instrument on FORMOSAT-2 satellite, Geo-
phys. Res. Lett., 33, L01101, doi:10.1029/2005GL024243.
Liu, N., V. P. Pasko, H. U. Frey, S. B. Mende, H.-T. Su, A. B. 
Chen, R.-R. Hsu, and L.-C. Lee (2009), Assesment of 
sprite initiating electric fields and quenching altitude of 
a1Πg state of N2 using sprite streamer modeling and 
ISUAL spectrophotometric measurements, J. Geophys. 
Res., 114, A00E02, doi:10.1029/2008JA013735.
Malan, D. (1937), Sur les décharges orageuses dans la haute 
atmosphère, C. R. Acad. Sci. Paris, 205, 812.
Markson, R. (2007), The global circuit intensity: its measure-
ment and variation over the last 50 years, Bull. Am. 
Meteorol. Soc., doi:10.1175/BAMS-88-2-223, 223-241.
Marshall, R. A., and U. S. Inan (2010), High-speed measure-
ments of small-scale features in sprites: Sizes and 
lifetimes, Radio Sci., 41, RS6S43, doi:10.1029/2005
RS003353.
Marshall, R. A., U. S. Inan, and T. W. Chevalier (2008), Early 
VLF perturbations caused by lightning EMP-driven disso-
ciative attachment, Geophys. Res. Lett., 35, L21807, 
doi:10.1029/2008GL035358.
McHarg, M. G., H. C. Stenbaek-Nielsen, and T. Kanmae 
(2007), Streamer development in sprites, Geophys. Res. 
Lett., 34, L06804, doi:10.1029/2006GL027854.
Mende, S. B., H. U. Frey, R. R. Hsu, H. T. Su, A. B. Chen, L. C. 
Lee, D. D. Sentman, Y. Takahashi, and H. Fukunishi 
(2005), D region ionization by lightning-induced electro-
magnetic pulses, J. Geophys. Res., 110, A11312, doi:10.
1029/2005JA011064.
Mika, Á., C. Haldoupis, T. Neubert, H. T. Su, R. R. Hsu, R. J. 
Steiner, and R. A. Marshall (2006), Early VLF perturba-
tions observed in association with elves, Ann. Geophys., 
24, 2179-2189.
Montanyà, J. O., van der Velde, D. Romero, V. March, G. Solà, 
N. Pineda, M. Arrayas, J. L. Trueba, V. Reglero, and S. 
Soula (2010), High-speed intensified video recordings of 
sprites and elves over the western Mediterranean Sea dur-
ing winter thunderstorms, J. Geophys. Res., 115, A00E18, 
doi:10.1029/2009JA014508.
Nickolaenko, A. P., M. Hayakawa, and Y. Hobara (1999), Long-
term periodical variations in the global lightning activity 
deduced from the Schumann resonance monitoring, J. 
Geophys. Res., 104, 27585-27591.
Pasko, V. P., U. S. Inan, and T. F. Bell (1996), Blue jets pro-
duced by quasi-electrostatic pre-discharge thundercloud 
fields, Geophys. Res. Lett., 23, 301-304.
Pasko, V. P., U. S. Inan, T. F. Bell, and Y. N. Taranenko (1997), 
Sprites produced by quasi-electrostatic heating and ioniza-
25
???????????????????
tion in the lower ionosphere, J. Geophys. Res., 102, A3, 
4529-4561.
Pasko, V. P., U. S. Inan, and T. F. Bell (1998), Spatial structure 
of sprites, Geophys. Res. Lett., 25, 12, 2123-2126.
Pasko, V. P. and H. C. Stenbaek-Nielsen (2002), Diffuse and 
streamer regions of sprites, Geophys. Res. Lett., 29, 10, 
1440, doi:10.1029/2001GL014241.
Pasko, V. P., M. A. Stanley, J. D. Mathews, U. S. Inan, and T. G. 
Wood (2002), Electrical discharge from a thundercloud top 
to the lower ionosphere, Nature, 416, 152-154.
Pasko, V. P. (2003), Electric jets, Nature, 423, 927-929.
Pasko, V. P. (2006), Theoretical modeling of sprites and jets, in 
Sprites, Elves, and Intense Lightning Discharges, eed. By 
M. Füllekrug, E. A. Mareev, M. J. Rycroft, NATO Science 
Series II: Mathematics, Physics and Chemistry, vol. 225 
(Springer, Heidelberg), pp. 253-311.
Pasko, V. P. (2010), Recent advances in theory of transient 
luminous events, J. Geophys. Res., 50, A00E35.
Pockels, F. (1900), Über die Blitzentladungen erreichte Strom-
stärke, Physik. Z., 2, 306-307.
Prinz, H. (1997), Lightning in history. In Lightning, vol. 1, 
Physics of Lightning, ed. R. H. Golde, pp. 1-21, New York 
Academic Press.
Price, C. (1993), Global surface temperatures and the atmo-
spheric electric circuit, Geophys. Res. Lett., 20, 1363.
Price, C., E. Greenberg, Y. Yair, G. Sátori, J. Bór, H. Fukunishi, 
M. Sato, P. Israelevich, M. Moalem, A. Devir, Z. Levin, J. 
H. Joseph, I. Mayo, B. Ziv, and A. Sternlieb (2004), 
Ground-baseed detection of TLE-producing intense light-
ning during the MEIDEX mission on board the space 
shuttle Columbia, Geophys. Res. Lett., 31, L20107, 
doi:10.1029/2004GL020711.
Qin, J., S. Celestin, and V. P. Pasko (2011), On the inception of 
streamers from sprite halo events produced by lightning 
discharges with positive and negative polarity, J. Geophys. 
Res., 116, A06305, doi:10.1029/2010JA016366.
Rakov, V. A., M. A. Uman (2003), Lightning: Physics and 
Effects, Cambridge University Press.
Rodger, C. J., A. Seppala, and M. A. Cliverd (2008), Signifi-
cance of transient luminous events to natural chemistry: 
experimental measurements, Geopys. Res. Lett., 35 (7), 
L07803.
Rycroft, M. J. and A. Odzimek, Effects of lightning and sprites 
on the ionospheric potential, and threshold effects on sprite 
initiation, obtained using an analog model of the global 
atmospheric electric circuit, J. Geophys. Res., 115, 
A00E37, doi:10.1029/2009JA014758.
Rycroft, M. J. and R. G. Harrison (2012), Electromagnetic 
Atmosphere-Plasma Coupling: The Global Atmospheric 
Electr ic Circuit , Space Sci . Rev. 168, 363-384, 
doi:10.1007/s11214-011-9830-8.
Sato, M. and H. Fukunishi (2003), Global sprite occurrence 
locations and rates derived from triangulation of transient 
Schumann resonance events, Geophys. Res. Lett., 30, 16, 
1859, doi:10.1029/2003GL017291.
Sato, M., Y. Takahashi, M. Kikuchi, M. Suzuki, A. Yamazaki, 
and T. Ushio (2011), Lightning and Sprite Imager (LSI) 
onboard JEM-GLIMS, IEEJ Trans. FM, 131 (12), 994-999.
Sentman, D. D., E. M. Wescott, D. L. Osborne, D. L. Hampton, 
and M. J. Heavner (1995), Preliminary results from the 
Sprites94 aircraft campaign, I, Red sprites, Geophys. Res. 
Lett., 22, 1205-1208.
Sentman, D. D. and E. M. Wescott (1996), Red sprites and blue 
jets: high altitude optical emissions linked to lightning, 
Eos, Trans. AGU 77, 1-4.
Sentman, D. D., E. M. Wescott, R. H. Picard, J. R. Winick, H. 
C. Stenbaek-Nielsen, E. M. dewan, D. R. Moudry, F. T. 
Säo Sabbas, M. J. Heavner, and J. Morrill (2003), Simulta-
neous observations of mesospheric gravity waves and 
sprites generated by a Midwestern thunderstorm, J. Atmos. 
Sol.- Terr. Phys., 65, 537-550.
Sentman, D. D., H. C. Stenbaek-Nielsen, M. G. McHarg, and J. 
S. Morrill (2008), Plasma chemistry of sprite streamers, J. 
Geophys. Res., 113, D11112.
Simpson, G., and F. J. Scrase (1937), The distribution of elec-
tricity in thunderclouds, Proc. Roy. Soc. A, 161, 309-352.
Stenbaek-Nielsen, H. C., and M. G. McHarg (2008), High time-
resolution sprite imaging: observations and implications, J. 
Phys. D Appl. Phys., 41, 234009.
Su, H. T., R. R. Hsu, A. B. Chen, Y. C. Wang, W. S. Hsiao, W. 
C. Lai, L. C. Lee, M. Sato, and H. Fukunishi, Gigantic jets 
between a thundercloud and the ionosphere, Nature, 423, 
974-976.
Sukhorukov, A. I. and P. Stubbe (1998), Problems of blue jet 
theories, J. Atmos. Sol. Terr. Phys., 60, 725-732.
Takahashi, Y., A. Yoshida, M. Sato, T. Adachi, S. Kondo, R.-R. 
Hsu, H.-T. Su, A. B. Chen, S. B. Mende, H. U. Frey, and 
L.-C. Lee (2010), Absolute optical energy of sprites and its 
relationship to charge moment of parent lightning dis-
charge based on measurement by ISUAL/AP, J. Geophys. 
Res., 115, A00E55, doi:10.1029/2009JA014814.
Tardiveau, p., E. Marode, A. Agneray, and M. Cheaib (2001), 
Pressure effects on the development of an electric dis-
charge in non-uniform fields, J. Phys. D, Appl. Phys., 34, 
1690-1696.
Toynbee, H. and T. Mackenzie (1886), Meteorological phenom-
ena, Nature, 23, 245.
Ushio, T., M. Sato, T. Morimoto, M. Suzuki, H. Kikuchi, A. 
Yamazaki, Y. Takahashi, Y. Hobara, U. Inan, I. Linscott, Y. 
Sakamoto, R. Ishida, M. Kikuchi, K. Yoshida, and Z. 
Kawasaki (2011), The Global Lightning and Sprite Mea-
surement (GLIMS) Mission of the International Space 
Station - Concept and Overview -, IEEJ Trans. FM, 131 
(12), 971-976.
Vaughan, O. H. Jr., R. Blakeslee, W. L. Boeck, B. Vonnegut, M. 
Brook, and J. McKune (1992), A cloud-to-space lightning 
as recorded by the Space shuttle payload by TV cameras, 
Mon. Wea. Rev., 120, 1459-1461.
Weber, L. (1889), Uber Blitzphotoraphien, In Ber. Königliche 
Akad., 781-784.
Wescott, E. M., D. D. Sentman, D. L. Obsborne, D. L. Hamp-
ton, and M. J. Heavner (1995), Preliminary results from 




Wescott, E. M., D. C. Sentman, M. J. Heavner, D. L. Hampton, 
and O. H. Vaughan (1998), Blue jets: their relationship to 
lightning and very large hailfall, and physical mechanisms 
for their production, J. Atmos. Sol. Terr. Phys., 60, 
713-724.
Wescott, E. M., H. C. Stenbaek-Nielsen, D. D. Sentman, M. J. 
Heavner, D. R. Moudry, and F. T. São Sabbas (2001), Tri-
angulation of sprites, associated halos and their possible 
relation to causative lightning and micrometeors, J. Geo-
phys. Res., 106, A6, 10, 467-10,477.
Williams, E. R. (2005), Lightning and climate: A review, 
Atmos. Res., 76, 272-287.
Williams, E. R. (2009), The global electric circuit: A review, 
Atmos. Res. 91, 140-152.
Williams, E., C.-L. Kuo, J. Bór, G. Sátori, R. Newsome, T. 
Adachi, R. Boldi, A. Chen, E. Downes, R. R. Hsu, W. 
Lyons, M. M. F. Saba, M. Taylor, and H. T. Su (2012), 
Resolution of the sprite polarity paradox: The role of halos, 
Radio Sci. 47, RS2002, doi:10.1029/2011RS004794.
Wilson, C. T. R. (1925), The electric field of a thunderstorm 
and some of its effects, Proc. Roy. Soc., D, 37, 32-37.
Wu, S., L. J. Mickley, D. J. Jacob, D. Rind, and D. G. Streets 
(2008), Effects of 2000-2050 changes in climate and emis-
sions on global tropospheric ozone and the policy-relevant 
background surface ozone in the United States, J. Geo-
phys. Res., 113, D18312, doi:10.1029/2007JD009639.
Wu, Y. J., A. B. Chen, H. H. Hsu, J. K. Chou, S. C. Chang, L. J. 
Lee, Y. J. Lee, H. T. Su, C. L. Kuo, R. R. Hsu, H. U. Frey, 
S. B. Mende, Y. Takahashi, and L. C. Lee (2012), Occur-
rence of elves and lightning during El Niño and La Niña, 
Geophys. Res. Lett., 39, L03106, doi:10.1029/2011GL
049831.
Yair, Y., C. Price, Z. Levin, J. Joseph, P. Israelevitch, A. Devir, 
M. Moalem, B. Ziv, and M. Asfur (2003), Sprite observa-
tion from the space shuttle during the Mediterranean Israeli 
dust experiment (MEIDEX), J. Atmos. Sol. Terr. Phys., 65, 
635-642.
Yair, Y., P. Israelevich, A. D. Devir, M. Moalem, C. Price, J. H. 
Joseph, Z. Levin, B. Ziv, A. Sternlieb, and A. Teller (2004), 
New observations of sprites from the space shuttle, J. Geo-
phys. Res., 109, D15201, doi:10.1029/2003JD004497.
Yair, Y., C. Price, B. Ziv, P. L. Israelevich, D. D. Sentman, F. T. 
São-Sabbas, A. D. Devir, M. Sato, C. J. Rodger, M. 
Moalem, E. Greenberg, and O. Yaron (2005), Space shuttle 
observation of an unusual transient atmospheric emission, 
Geophys. Res. Lett., 32, L02801, doi:10.1029/2004GL
021551.
Yair, Y., R. Aviv, G. Ravid, R. Yaniv, B. Ziv, and C. Price 
(2006), Evidence for synchronicity of lightning activity in 
networks of spatially remote thunderstorms, J. Atmos. Sol. 
Terr. Phys. 68, 1401-1415.
Ziv, B., Y. Yair, K. Presman, and M. Füllekrug (2004), Assess-
ment of the Aviation Weather Center Global Forecasts of 
Mesoscale Convective Systems, J. Appl. Met., 43, 
720-726.
